This report covers the final eighteen months of a project which was planned for 24 months but was given a six-month no-cost extension for a total of 30 months. The project goals included the investigation of several different types of lasers for scribing of materials used for polycrystalline thin-film photovoltaics. The materials investigated included the semiconductors (cadmium telluride, copper indium gallium diselenide, and silicon), the transparent conducting oxides (fluorine-doped tin oxide and aluminum-doped zinc oxide), and the metals (molybdenum and gold). The laser systems are all commercially available and were chosen for the range of pulse durations and wavelengths available. We used two continuous-Iamppumped, Q-switched Nd: YAG lasers with a wavelengths of A=1 064 nm and 532 nm, a flashlamp-pumpedNd:YAG laser (1=532 or 1064 nm), a copper-vapor laser (1=511 and 578 nm), an XeCl-excimer laser (A=308 nm), a KrF-excimer laser (k 248 nm) and a diode-laser-pumped Nd:YAG. In addition to the different wavelengths, these systems were chosen for the range of pulse durations available. The pulse durations range from 70-600 nsec for the cw/Q-switched YAG, 55 nsec for the Cu-vapor, -20 nsec for the excimers, 10 nsec for the flashlamp-pumped, Q-switched YAG, and down to 0.1 ns for the mode-locked Nd:YAG.
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Introduction and Objectives
One of the most important aspects in moving from the cell level to the integrated module level in thin-film photovoltaics is to achieve reliable and reproducible cell interconnects having low series resistance and high shunt resistance, and to do this with a minimum of dead area between cells. It is known that mechanical scribing often produces considerable damage (e.g., film tearing) surrounding the scribe. Laser scribing has shown the potential for superior scribe widths and profiles for many of the materials involved with thin-film PV. However, problems are also known to occur with a heat-affected zone around the scribe, and for some materials and some focus conditions, high positive ridges or "collars" are left along the scribe line. In addition, melt phase residue at the bottom of a scribe may potentially lead to a highly conductive phase which could introduce electrical shorts.
The commercially-available scribing systems have been optimized typically for other applications and other materials such as scribing of crystalline Si [l] . Optimum operation for thin-film PV materials has been investigated by several PV manufacturers [2, 3, 4] but there has been limited discussion of problems or of optimum parameters in the open literature. Furthermore, to our knowledge, there has been a limited number of reports of the application, for thin-film PV, of laser systems other than the traditional cw lamppumped, Q-switched Nd:YAG. Excimer lasers have been tested for a-Si:H [5] and for II-VI materials [6] and a continuous (non-pulsed) YAG beam has been tested on CIS [7] . To our knowledge the first U.S.
patent for laser scribing for solar module integration was granted to J.J. Hanak in 1981 [8] . Since then, a number of refinements of this method have been patented [9] , mostly emphasizing a-Si:H and Sn0 2 , with at least one of these emphasizing the use of excimer lasers.
This two-year project was designed to improve our fundamental understanding of the laser scribing process and the role of the variables of laser wavelength, laser pulse duration, and pulse energy density on the quality, speed, and efficiency of scribing of thin-film PV materials. The materials under investigation include three semiconductors--cadmium telluride, copper indium gallium diselenide, and silicon, two transparent conducting oxides-fluorine-doped tin oxide and aluminum-doped zinc oxide, and two metals--molybdenum and gold. The laser systems are all commercial systems and were chosen for the range of pulse durations and wavelengths available. We have studied seven different laser systems, with wavelengths and pulse durations given in brackets --the flashlamp- In this final project report we shall, for completeness, summarize some of the results described in the firstyear report, and provide a complete survey of results from all of the lasers tested and for all of the thin-film materials tested.
Laser Characteristics
The seven lasers studied in this project have pulse durations ranging from 600 nsec to 0.1 nsec. The wavelengths range from 1064 nm to 248 nm. At the longest wavelength of 1064nm, all of the thin-film PV materials studied except molybdenum, gold, and copper indium gallium diselenide (CIGS) are transparent or nearly transparent. At the shortest wavelengths, all the thin-film materials studied here are strongly absorbing. In the following, we discuss the characteristics of each of the lasers individually, highlighting the differences among them. We want to emphasize here that not all of the lasers we have used represent state-of-the-manufacturers-art and in some cases the output specifications are well below those which are available today. For example, our flashlamp-pumped Nd:YAG system discussed below is a vintage -1980 system and the manufacturer of our 1988 excimer laser is no longer in business. Nevertheless, the critical parameters of pulse duration and wavelength have not changed. Presently available systems typically have improved beam quality, better pulse-to-pulse stability, and higher repetition rates. High pulse energy excimer lasers are available with repetition rates to 500 Hz and diodelaser-pumped YAG lasers are available combining compact heads and high operating efficiency.
The Nd:YAG Lasers
The Nd: YAG laser is the most commonly used type of laser for commercial laser scribing systems. The "YAG"(yttrium aluminum garnet) laser is available in a variety of configurations which also may utilize Nd in a host such as Nd:vanadate. The YAG is an optically pumped, doped ion (solid state) laser system with output characteristics which depend on the pump wavelength and intensity. In this work we used four different YAG systems: a flashlamp-pumped Nd: YAG (fp-YAG), a CW-lamp-pumped-Q-switched pulsed YAG (cwp-YAG), a CW-Iamp-pumped-Q-switched-mode-Iocked YAG (cwp/ml-YAG), and a diode-laserpumped-Q-switched YAG (dlp-YAG).
Flashlamp-pumped Nd:YAG-We used the flashlamp-pumped Nd:YAG (Quanta-ray DCR1-A) in the free-running mode (non-Q-switched) which typically yields several pulses with durations of -190 to 400 nsee, depending on flashlamp energy. (Higher flashlamp energy yields shorter pulses.) Unfortunately pulse amplitude in the pulse train is quite variable. We also used this laser in the Q-switched mode in which an intracavity Q-switch holds off lasing during the flashlamp pulse until much higher population inversion is achieved. Then when the Q-switch "opens," a much higher pulse intensity and much shorter pulse duration occurs (10 ns at 1064 nm and 8 ns at 532 ns).
The fp-YAG laser has very high pulse energy but is not well suited to scribing beeause the repetition rates are typically limited to about 50 Hz due to heating in the YAG rod. Nevertheless, we used this laser to test scribing results at shorter pulse durations. Also the pulse characteristics illustrate very nicely the extremes related to the optical pumping conditions in the other YAG systems. This system, even without the use of the amplifier stage, has very high pulse energy, typically 100 mJ/pulse in the Q-switched mode at 1064 nm. Thus, in the present studies with spherical focussing, we have used substantial attenuation of this beam. The unstable resonator optics of this system do not give clean focal spot profiles without substantial aperturing. This laser, by virtue of its short pulse durations (-10 ns), provides an important comparison with the cwp-YAG system with pulses of 70-600 ns. As with most of the lasers, we observed the pulse shape with a p-i-n photodiode and a Hewlett-Packard model 54510A 1 Gsample/sec digitizing scope. The hard copy of the pulse shape was obtained via the HPIB interface to a personal computer. Figure 1 shows that, when the laser is operated in the "free-running" mode, it emits trains of pulses (relaxation oscillations) with about a half dozen spikes near threshold to more than 50 at a flashlamp energy of 1.7 times threshold. These pulses are spread over a duration of about 50 f..l.S near threshold to about 150 f..l.s at the highest lamp energy. As shown in the inset to Fig. 1 , the laser in this free running mode has individual pulse durations ranging from about 190 nsee to about 400 nsee depending on the flashlamp energy. The longest pulses occur at 33 J of lamp energy, very near the lasing threshold of 32 J. As the optical excitation increases and the gain increases, the pulse duration shortens considerably, down to 190 nsec.
When Q-switching is used in the flashlamp-pumped Nd:YAG, lasing is held off as the Pockels cell spoils the gain (increases the resonator loss) in the laser cavity and much higher population inversion is produced in the laser rod until the resonator loss is rapidly switched low (on a time scale of 1 nsec--much less than the photon round trip time in the resonator). In this case the output pulse duration is very short, with the energy coupled out of the laser rod within 2 to 3 photon round trips in the resonator. The Q-switched pulse durations of both the fundamental wavelength (1064 nm) and the frequency-doubled wavelength (532 nm) are shown in Figures 2 & 3 . We find pulse durations of 11 nsec and 8 nsec, respectively, for the fundamental and frequency-doubled outputs. The frequency-doubled pulse is slightly shorter in duration than the fundamental as a consequence of the nonlinear doubling process. There is some irregularity in the pulse shape which arises from beating of different longitudinal cavity resonances. Newer laser systems do not show these features, but we believe that they do not affect our scribing results in any case. 3 Much higher repetition rates are available from continuous-wave (CW) pumped and Q-switched Nd: YAG lasers. In our studies we used three different cw-pumped, Q-switched YAG lasers: a Kr-lamp-pumped, Qswitched laser (U.S. Laser modeI403PQ), a Kr-Iamp-pumped, Q-switched and mode-locked laser (Quantronix model 416) operated at both 1064 and 532 nm, and a diode-laser-pumped system (SpectraPhysics T40-X30-53QA).
The CW-pumped, Q-switched YAG--The U. S. Laser model403PQ was used at Solar Cells Inc. (SCI) [10] . We shall refer to this system as the "cw-pulsed" or cwp-Nd:YAG system. It is sometimes called the "quasi-cw-YAG." We used this system in the frequency-doubled mode only. In the case of the cwp-YAG laser, the pulse temporal profile is very smooth but the width does depend on the repetition frequency. This is a consequence of the fact that with the continuous pumping of the Nd:YAG rod by the Kr lamp, the degree of population inversion attained by the time the intracavity Q-switch opens is larger for the low repetition rates. Consequently the photon density in the resonator rises more quickly when the Q-switch opens and drives the population inversion more quickly below threshold, leading to a shorter pulse duration. For the work reported here, the cwp-YAG laser was operated at a pulse repetition frequency (PRF) of 1 kHz in the frequency doubled mode where the pulse duration was 90 nsec with a tail which extended to about 150 nsec after the pulse peak. See Fig. 4 . At 5 kHz the average power was about 2 W or 0.4 mJ/pulse in a single TEMoo mode.
SCI has provided us with their measurement of the relationship of the pulse duration to the repetition rate. This is shown in Fig. 5 . Note that the pulse duration can range from 90 nsec at the lowest PRF (1 kHz) to -600 nsec at 30 kHz. The CW-pumped, Q-switched, and mode-locked YAG--The Quantronix model 416 MLQsSH mode-locked and Q-switched Nd:YAG laser (cwp/ml-YAG) also is pumped by a cw Kr-Iamp. Except for the mode-locking, this laser is similar to the cwp-YAG we have used at Solar Cells Inc which had 90 ns Qswitched pulses at 1 kHz. The Quantronix system has lower optical gain so that it produces longer Qswitched pulses (250 ns width at half-maximum) at 500 Hz, but it has the capability of mode-locking which yields a 250 ns long train of pulses each 0.1 ns in duration, spaced by about 15 ns, the laser resonator round-trip time. The laser resonator is extended to facilitate mode-locking. Digitized oscilloscope traces of these Q-switched-only and Q-switched-with-mode-Iocking pulses are shown in Fig.  6 for the 1064 nm and in Fig. 7 for the 532 nm, frequency-doubled case.
It should be noted that the pulse waveform with the modelocker turned off (Q-switched only) is actually partially modelocked in the fundamental (Fig. 6 b) and quite strongly modelocked in the case of the frequency doubled output (Fig. 7 b) . This partial modelocking even with active mode-locking turned off, leads to some difficulty in interpretation of the scribing results discussed below. However, the scribing results are probably more strongly affected by the fact that the picosecond pulses are only available in a train of many pulses separated by about 15 ns, which is too little time for thermal diffusion between individual picosecond pulses so that the results are very similar to the non-mode-Iocked results.
Modelocking does increase the peak power substantially--by the ratio of mode-locked pulse duration (-0.1 ns) to the separation between pulses, or 15ns/0.1ns =150. However, we have not observed effects which we could clearly identify with the higher instantaneous peak power. The diode-laser-pumped Nd:YAG--The CW diode laser pumping takes advantage of a much closer optical wavelength match to the output YAG wavelength so that less heat is dissipated in the YAG rod. This leads to less thermal lensing and smaller laser head size. In addition, the better coupling between pump and Nd ions permits high repetition rates with shorter pulse durations than for the lamp-pumped systems. Thus the Spectra Physics T40-Y70-106Q system (referred to here as dlp-YAG) has a nominal pulse duration of 70 ns at 1064 nm. The pulse shape is qualitatively similar to that shown in Fig. 4 above with a fast-rising leading edge and a longer trailing edge. Similar to the CW lamp-pumped YAG (Fig. 5 , above), the pulse duration increases as the pulse repetition frequency (pRF) increases. For this diodepumped system, the pulse width at about 1 kHz or less is 60-70 ns, increases to about 130 ns at 10kHz and -200 ns at 20 kHz. The pulse energy at 1 kHz is rated at 1.5 mJ. As the PRF increases, the individual pulse energy decreases for repetition rates above about 2 kHz. This behavior needs to be kept in mind if the highest PRFs are used. The average power is nearly constant at 7W for PRFs above about 10kHz. This system is available with a frequency doubler to operate at 532 nm. Because of the quadratic dependence of the doubled intensity on the fundamental intensity, the average power at the doubled frequency reaches a maximum at about 7 kHz. The pulse energy in the green at 1 kHz is 1 mJ.
In this system, the pump laser diodes are fiber-optically coupled to the head which is much smaller than any of the other laser systems tested. In addition the diode pumping promises high reliability and low maintenance. Because of the end pumping of the YAG rod, the mode quality is TEMao with a beam divergence of 1.2 mr. This is a particularly convenient system to use. Our scribing studies with this system were carried out in the Spectra Physics applications laboratory in Mountain View, Calif. [11] .
The Copper-Vapor Laser
Our most recent studies of this laser for scribing applications were carried out at the University of Dayton Research Institute. The copper-vapor laser (eJL model MVL-2210) has output transitions at 510.6 nm and 578 nm (green and yellow) with about 25 % of the 16 watts of power appearing in the yellow transition. Since the pulse repetition frequency was 8 kHz, the energy per pulse was 2 mJ. In order to simplify analysis of the coupling to the various materials and to simplify our attenuation system, which used a rotatable dielectric filter, we used a dichroic filter to eliminate the 25 % of the energy which appeared at 578 nm.
A plot of the pulse shape is given in Fig. 8 . The full width at half maximum is 57 nsec. The pulse trace is very reproducible and shows some regular oscillation within the pulse envelope. These oscillations probably arise from rf pick-up although there may be some contribution from the beating of longitudinal modes in this system with resonator length of 96 inches (246 em), The Fabry-Perot resonances in a resonator of this length would yield a longitudinal mode spacing of~v =c/2L =60 GHz. The beat period of adjacent longitudinal modes would be T = 11~v = 16 nsee, very close to the observed oscillations.
Note that there is essentially no tail of the lasing pulse beyond two half-widths from the pulse peak.
The laser we used had an extended cavity design with unstable resonator optics. These optics provide a beam of about 20 rom diameter and a very low beam divergence of 0.1 mrad. Using a 100 nun focal length lens, we easily achieved scribe linewidths of 50 to 150 J.1m. This laser depends on the longitudinal discharge for vaporizing the copper metal which lies in resevoirs at the bottom of the laser tube/discharge channel. Consequently it has a long warm-up time (~1 hr) and can only be operated in the horizontal position. These, and the need for periodic metal recharge, would be concerns in a manufacturing environment. However, this laser does have a very high repetition rate (12 kHz) and short pulse durations (-50 ns). 
The Excimer Lasers
There are several differences between the excimer lasers and the other laser systems in this study. The excimers are transverse discharge lasers with very high gain so that with standard plane-parallel mirrors (marginally stable resonator), the transverse mode quality is poor. In addition, the transverse discharge does not naturally produce an axially-symmetric beam. However, the pulse energies are very high so that, with some attention to beam shaping, beam homogenization, and the use of cylindrical focussing, it is possible to consider delivering to the film a line image which covers the entire module width. This could obviate the need for beam scanning and also permit active adjustment of the pulse energy as the scribe depth reaches an interface, e.g., CdTe on Sn0 2 or CIGS on Mo.
The XeCI excimer--For the Questek model 2240 with a gas fill for XeCI, we typically run with a pulse energy of 80 mJ and repetition rates <30 Hz, although the system is designed for 200 Hz. Because of the high pulse energy and the poor beam quality of this laser we have typically used considerable attenuation and aperturing of the beam. We observe a beam divergence in the horizontal and vertical directions of 10 mrad and 2 mrad respectively. Using a spherical lens the focal spot from our laser is approximately a rectangle and, with moderate aperturing, can produce a very fine line. Actually, we have found it most convenient to use cylindrical focussing for this type of beam. The temporal pulse profile of the XeCI excimer laser is shown in Fig. 9 . The pulse profile exhibits a full width at half maximum of 20 nsec with a slight tail trailing to longer times. We are using He as the buffer gas in this laser which yields a slightly shorter pulse duration than Ne as a buffer gas but also a slightly lower pulse energy.
The KrF excimer-The model LPX200 KrF laser was used in the applications facility of Lambda Physik in Fort Lauderdale, FL [12] . The 248 nm wavelength of the KrF yields a photon energy of 5.00 eV which is significantly higher than the 4.03 eV photon energy of the XeCllaser at A=308 nm. Actually the increased photon energy is not a major factor because 4 eV is already above the band gap energies for all of the PV materials of interest. The KrF laser at Lambda Physik had much better beam quality than our 1988-vintage Questek XeCl. This excimer is available in a version with 500 mJ per pulse and PRF to 500 Hz. In addition, we had available a beam homogenization system with optical imaging from a mask plane to the workpiece plane. This allowed us to test the concept of imaging to a long line, even though the Microlas imaging system [13] , used typically for marking operations, was far from optimum for laser scribing. Only a small fraction of the beam energy was imaged onto the film in our tests. For example, most of our data were obtained with the homogenizer producing a very uniform 14 x 14 mm beam on a slit mask (20 mm x 0.27 mm) so that only about 0.27mm/14mm = 2% of the pulse energy was delivered to the film plane. The imaging system produced a (de)magnification of 1/4.5 so that the scribe width was -60 urn. 
Laser Vaporization Thresholds
In the field of high power pulsed laser interaction with solids there has been a considerable discussion in the literature over the definition and interpretation of thermal evaporation vs. non-thermal "ablation" [14, 15] . The distinctions center on whether the material removal is driven by thermal heating of the near.. surface region or by direct bond-breaking. We have chosen to use the term "vaporization" to avoid introducing loaded issues. In a first set of measurements we have determined the pulse energy density at the threshold for vaporization. For our definition of vaporization threshold, we used the operational condition of surface damage visible easily in an optical microscope.
A summary of the threshold energy densities for ablation is presented in Table 1 . Note that we are giving thresholds in terms of the incident pulse energy with no correction for the reflected fraction. Thresholds are affected by the specific heat and the heats of fusion and vaporization, but the optical absorption length and its dependence on wavelength is the most important factor in these thin-film materials. In all cases the threshold measurements were made with single pulses. In some cases the energy density was measured directly with a detector behind a 5 urn pinhole and heavy attenuation of the laser beam. In other cases, especially where all data had to be acquired within a few hours in a single visit to an applications lab, we inferred the energy density from an analysis of ablation spot sizes taken over a wide range of energy densities. Therefore the estimates of threshold energy densities should be treated with care since we estimate typical error limits at ±50%.
Wavelength-dependent effects are clearly seen in Table 1 . In the strongly absorbing semiconductors CdTe and CuInGaS~(CIGS), the ablation thresholds are low as expected, less than 0.5 J/cm 2 except for the case of CdTe at 1064 nm where the photon energy is below bandgap. The lowest thresholds for all materials are observed at 248 nm and 308 nm even though the excimer laser pulse duration is somewhat longer than the flashlamp-pumped YAG. These low thresholds arise from the very high absorption coefficients in the ultraviolet for all of these materials. Not surprisingly, the effects are particularly large for the conducting oxides (Sn0 2 and ZnO) which are transparent at all the other wavelengths. Note that the ablation thresholds for Sn0 2 and ZnO in the UV are about 1/10 of those observed in the green or infrared. Crystalline Si exhibits a much higher threshold for visible damage at 1064 nm which is right at the absorption edge.
It is interesting that little variation is observed in this damage threshold between the 250 ns Q-switched pulses and the mode-locked pulse trains at both 1064 and 532 nm. This is probably due to the fact that the mode-locked pulses are part of a train of about 25 pulses spaced by about 15 ns which is too little time for significant thermal diffusion. (See Discussion Section..) Thus the thin film gradually heats over a time scale of the duration of the full pulse train, 350-400 ns. Another contributing factor arises from the partial mode-locking which occurs in this laser even without active modelocking. (See Fig. 6b and Fig.7b.) For the transparent oxide materials there is little pulse-width dependence but they appear to be affected by non-linear absorption effects. Zno in the visible and near infrared has the highest thresholds, but also has large spot-to-spot variations in the ablation thresholds presumably due to absorption processes which initiate at defects or interfaces. In addition we find that the ablation threshold is much lower if the Zno has been irradiated by previous laser pulses even if these have not produced visible damage --again presumably caused by laser-irradiation-induced defect centers.
At longer pulse durations, thermal diffusion during the pulse also becomes a factor. The effect of pulse duration is clearly evident at 532 nm where the 90 nsec pulse gives a threshold two to three times higher than the 8 nsec pulse, for most materials. Longer pulses allow for greater diffusion of heat into the film during the pulse, thus raising the threshold. during the pulse, thus raising the threshold. The threshold data appear somewhat anomalous for the cwp/ml-YAG.laser which was operated with the modelocker on to give pulse durations of about 0.1 ns at either 1064 or 532 nm or with the modelocker off (but Q-switch still on) to give -250 ns pulses at both wavelengths. The differences are small between the two pulse durations at either wavelength. However, this may be related to the fact that some modelocking occurred with this laser even with the active modelocker off. Furthermore the interpretation is complicated because the modelocked output consisted of the train of modelocked pulses rather than a single subnanosecond pulse. The thresholds for the green pulses, either modelocked or non-modelocked, appear to be unusually low. This might be related to the very low available pulse energy of the laser and the need to focus very tightly (although the focussed power density was measured with a 5 umpinhole). The low thresholds in the green might also be an indication of some non-linear absorption effects occurring with the subnanosecond pulses. The threshold numbers for this laser system (0.1 ns & 250 ns @ 1064 nm; and 0.1 & 250 ns @ 532 nm) should be treated with caution. 
Optimum Energy Density for Scribing
One of the most important parameters associated with laser scribing is the speed of the cut. Clearly this is a function of the laser power, but also of the energy efficiency of the vaporization. Thus we have studied the vaporization depth as a function of pulse energy to identify the energy density needed to optimize the scribing rate. The relationship between increasing pulse energy density and the depth of material removed is given in Figs. 10 and 11 . These data show the depth of material vaporized per pulse as measured by a stylus profilometer trace across the ablation spot. Each panel of Figs. 10 and 11 shows the laser wavelength and pulse duration. Recall that the data for the 0.1 ns pulse durations, at both 1064 and 532 om, are for pulse trains of about 25 pulses and the energy density is that of the complete, Q-switched pulse train. Also, it should be noted that the data for 532 nm and 250 ns pulse duration were obtained with pulses which exhibited significant mode-locking. (See above.) For ZoO, except with the two excimer lasers, there was either no ablation or the entire film was blown away. Frequently the first pulse incident on a spot produced no visible effect, but the second pulse produced complete removal. The ZnO ablation was highly variable with high thresholds (values with * in Table 1 ) and very steep rises above threshold, giving indications that absorption for the non-uv wavelengths initiated at interfacial or bulk defect sites possibly enhanced by a first pulse.
Some general trends are evident. The uv pulses tend to reach their maximum ablation rates at the lowest energy densities of any of the lasers. This is consistent with the lower thresholds observed in Table 1 . However, the vaporization depth per pulse also tends to saturate at rather low values. The lower energy thresholds are related to the higher photon energy which sees typically a higher film absorption coefficient. The saturation in vaporization depth is undoubtedly related to higher energy loss in the plume vapor.
Another general trend is that the longer pulse durations can produce deeper craters with a single pulse. In many cases, the full film thickness can be vaporized with a single pulse. However, the pulse energy required is large. (It should be noted that the horizontal axes in Figs. 10 and 11 are logarithmic.) For example, the full-2 urn thickness of CdTe, CIS, or Mo can be vaporized with a single pulse at A=1064 nm, 't=250 ns with the energy density of about 3 J/cm 2 • By contrast, a single pulse at A=248 nm, 't=25 ns with energy density of 0.5 J/crn 2 will vaporize roughly 0.1 urn of these materials. Thus six pulses at 248 nm with a total energy of 3 J/crn 2 will remove about 0.6 urn, noticeably less than the single, 3 J/cm 2 , 250 ns pulse at 1064 nm. However, efficiency of material removal is not the sole criterion in choosing a laser scribing engine. Other factors such as beam quality, beam delivery, available energy per pulse, and repetition rate are very important. Some of these are addressed below. 
Beam delivery to the film
Beam focusing was done with a spherical lens for the quasi-cw Nd:YAG lasers and for the copper laser. For the IOns flashlamp-pumped Nd:YAG and the excimer lasers, cylindrical focussing was also used. We have found that cylindrical focusing can have distinct advantages, particularly by allowing one to reach an optimum energy density with a very narrow line width. In general we found it to be helpful to work with an energy density near that which gives the optimum vaporization rate since this leaves a smaller heataffected zone surrounding the scribe and makes it easier to control the scribe depth.
From the data of Figs. 10 and 11, we can infer conditions which will facilitate optimum utilization of the laser pulse energy. Thus for the Cu-vapor laser operating with 16 W of power at 8 kHz PRF, the energy per pulse was 2 mJ. With a beam divergence of 0.1 milliradian, a 12.5 em focal length lens will focus the beam to a 25 urn diameter spot and if we conservatively estimate that 1/3 of the energy should fall in the central region of intensity above the ablation threshold, the energy density in this region will be -100 J/cm 2 • From Fig. l le we may estimate that the optimum efficiency for CdTe occurs at about 0.5 J/cm 2 at which point each pulse removes about 0.5 urn. (CIGS would require somewhat higher pulse energies.) Six pulses should remove a 3 urn layer. This laser either could be split into -20 beams with a scan speed of -20 ern/sec, or focused to a line image with dimensions of 0.5 em by 25 urn. At 8 kHz PRF, the scan speed should then be -4000 ern/sec along the long axis of the focal spot. This is a situation clearly calling for multiple beam delivery to the workpiece! Similar considerations for the other lasers yield the following: (1) For 2 W of power from the cwp-YAG at 1 kHz, cylindrical focussing to produce a 25 urn x 500 urn spot should work well for CdTe, CIGS, and Mo (See Fig. 1Oc. ) with translation at 25 ern/sec. (2) For our flp-YAG at its maximum PRF of 30 Hz, and its pulse energy of 100 mJ, the optimum focus would have to be -25 urn x 15 em, Finally, (3) with the XeCI excimer laser at a PRF = 100 Hz, 100 mJ/pulse, and ideal focussing to a 25 um x 15 em line, the translation speed would need to be 150 cm/s, or multiple beam splitting should be used.
For the KrF laser, we used a beam homogenizer and optical delivery system which projected a demagnified slit image onto the film plane. This produced very clean scribes. It is worth noting that this type of laser could have sufficient pulse energy (500 mJ) to image across a full panel width (-40 em) so that no lateral beam scanning would be necessary. In this case it should be possible to vary the pulse energy or focussing as the beam penetrates the film to avoid damage to an underlying film or substrate, or to defocus the beam to remove any "burrs" or ridges at the scribe edges. See discussion of scribe profiles below.
Cylindrical Focussing
Too much energy density at the center of the focal spot can result in undesirable effects. We have seen, for example with the flashlamp-pumped YAG at 1064 nm on CdTe films, that one can get a complete scribe but there is a large heat-affected zone surrounding the scribe. When spherical lens focussing (f=10 em) is used, the energy density at the center of the scribe line was 50 times the ablation threshold so that the weak fringes of the focal spot have enough energy density to damage a wide swath around the scribe. See Fig.  13a . By contrast, the use ofa 6 em cylindrical focussing lens allows one to reduce the energy density at the center of the scribe. Figure 13b shows results obtained with cylindrical focussing with about 60% of the energy density used for Fig. 13a . Furthermore, the long line image allows higher scan speed. In this case the scan speed with the cylindrical lens was about 18 times greater than for the spherical lens.
The transverse discharge of the XeCI excimer laser leads to a rectangular beam profile with high angular divergence in the horizontal dimension. Therefore, for some of our work we obtained uniform irradiation of an aperture close to the laser output and imaged the aperture onto the film with a 10 em spherical lens. When cylindrical focusing was used, we irradiated a rectangular aperture and imaged this with two cylindrical lenses. A 50 cm cylindrical lens controlled the long dimension of the image on the film and a 6 em cylindrical lens focused the short dimension onto the film. Typical film-to-lens distances were 40 em and 6 cm respectively. For scribing, the film was translated parallel to the long axis of the image. To facilitate alignment of the lens axis with the scribe direction, the 6 em cylindrical lens was mounted in a rotatable holder.
We have found that cylindrical focusing is advantageous for several reasons. For most of the lasers in this study, the available energy density is much higher than the optimum values wich can be inferred from Figs. 10 and 11. Focusing with two cylindrical lenses allows one to adjust the focused spot to attain the optimum energy density for most efficient vaporization. For example the excimer lasers reach optimum energy densities at relatively low values which can be achieved with a long, narrow focus geometry. Secondly, the line image allows for several overlapping pulses which then minimizes the effects of any laser power fluctuation or dust in the beam path. Third, the line image can be shaped to provide higher power at the leading edge and lower power at the trailing edge, if, for example, one wants to limit the scribe depth to terminate at the interface with the underlying film layer.
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Scribe Morphology
The section on Optimum Energy Density for Scribing provided data which can be used to obtain the highest vaporization rate (fastest scribing) for all of the lasers and materials combinations we have tested. However, for laser scribing to be successful in thin-film PV applications, it is also necessary to know further details about the scribe such as the scribe morphology and the composition at the scribe bottom or sides. In this section we discuss the morphology. It is known that for some combinations of materials and lasers the morphology of the scribe is poor. For example, for films of Mo and ZnO on glass, we have observed, for some lasers, cracking of the film and film delamination along the scribe edges. In other situations, there can be a substantial heat-affected zone along the sides of the scribe. In the following discussion we provide some typical examples of scribe morphology. Scribe profiles were studied with an optical microscope and with a stylus profilometer.
Semiconductor Films
Both of the semiconductor films studied have high absorption for all of the laser wavelengths except for CdTe at the YAG fundamental (1064 nm). The binary semiconductor, Cd'Ie, seems to be the easier semiconductor to scribe with good morphology. For example, even at 1064nm where CdTe is nominally transparent, CdTe can be scribed reasonably well. Especially with CIGS, however, considerable effort may be necessary to maintain clean scribe profiles and to avoid positive ridges at the edges of the scribe. These ridges appear to arise from melt phase at the scribe edges. Surface tension and momentum recoil from the vaporization plume lead to formation of these ridges at the edges of the scribes. We have seen similar but less severe effects with CdTe for some conditions. Details and examples are provided below.
Figs. 14 and 15 show optical micrographs and stylus profilometer traces of scribe lines obtained with the cwp-YAG laser at relatively high pulse energy density (-7.5 J/cm 2 ) on CIGS and CdTe. This energy density is about 30 times the threshold energy density for damaging the surface. (Note that the threshold was obtained for 90 ns pulses at 1 kHz whereas these scribe lines were obtained for 180 ns pulses at 5 kHz.) Comparison of the scribes shows strong similarity for the two materials. For both semiconductors one observes evidence of a melt zone surrounding the scribe with ridges protruding significantly above the plane of the film. This is clearly undesirable. A very high scan speed was chosen in order to try to separate the adjacent laser spots. The optical micrograph shows that the scan speed was too slow by about a factor of two to separate the individual spots and the deepest craters occur along the line of maximum overlap. The profilometer shows that the full 2 urn film thickness was vaporized at the overlap. A slightly slower speed should give a cleanly separated scribe. However, improved scribe morphology probably would require somewhat lower power density and greater pulse overlap.
A similar study was done with the Cu-vapor laser. In this case the wavelengths are similar to that of the frequency doubled Nd:YAG above. Typical results for CdTe are shown in Fig. 16 . At a power density of 16 J/cm 2 (approximately 80 times the damage threshold) a scribe speed of 9 cm/s or about 5-6 overlapping pulses, (Fig. 16a ) the scribe has reached full depth. However, the edges of the scribe have noticeable ridges. At much lower power density (0.5 J/cm 2 ) and correspondingly lower scribe speed (1.35 mm/s), the scribe shows no evidence of ridges (Fig. 16b). For Fig. 16b , the 10 em lens was defocused by about 2 mm. Although the scribe width here was about 140 urn, there is no evidence of protruding ridges around the scribe line. In this case the peak energy density was only 0.5 J/cm 2 or about twice the vaporization threshold but with about 40 overlapping pulses.
These examples illustrate that in general the use of power densities far above the threshold for damage, can be used to give very deep vaporization depths with a single pulse but it may also lead to positive ridges along the scribe as the melt is pulled to the side by surface tension and pushed by the recoil momentum of the vaporization plume. The results also illustrate, however, that careful choice of power density can produce a scribe morphology which is quite satisfactory. The data also indicate that tighter focus conditions lead to increased tendency to form ridges along the edges of the scribe. This is plausible since the gradients in temperature, surface tension, and recoil momentum are smaller for the broader focus conditions. These would suppress the formation of the positive ridges.
For copper-laser scribing of CIGS (Fig. 17 ) a narrow scribe line was achieved with a tight focus and an energy density of -2 J/cm 2 • Here the pulse duration is about 1/3 that of the CWP YAG so that the peak power density is similar. Again positive ridges are observed along the edges of the scribe which extend about 1 urn above the plane of the film. Both excimer lasers produced excellent scribe morphology for CdTe. For the XeCI excimer in our laboratory, we used a cylindrical focus and scanning along the cylinder axis. For the Kr F excimer, used at the applications lab of Lambda Physik, we took advantage of a beam homogenization and imaging system to produce long and narrow scribe lines without scanning. Figs. 18 and 19 illustrate the results. Fig. 18 shows a typical scribe profile for the XeCllaser scanned at 1 mm/s at a power density of 3.5J/cm 2 (-40 times the damage threshold). Fig. 19 shows the profilometer trace across scribe lines obtained with the KrF laser at low pulse energy density (0.23 J/cm 2 or about four times the damage threshold). Note that at this energy density the profile is quite square and the scribe is self-limiting at the CdTelSn0 2:F interface. The conditions of Fig. 19 with the sharply defined image projected onto the film and consequent high intensity gradient at the edge of the scribe, significant ridges are produced. We believe that the gradients contribute to the ridges projecting up to 0.75 urn above the -2 urn thick film. The ridges do decrease with more applied pulses. Also, we suggest that it may be advantageous to use a softer focus to minimize these positive ridges. However, we have not had an opportunity to explore variations of focus with the KrF excimer laser. For the quaternary semiconductor, CuInGaSe, the scribe morphology is poorer in every case. Laser scribing should be able to provide acceptable scribes, however. Figures 20 and 21 provide examples of the scribe profile for the two excimer lasers in CIGS. Part of the difference in scribe morphology relative to CdTe results from the greater roughness of the starting film. However, Fig. 21 gives evidence of considerable residue from a melt phase during the scribing. In this case the 248 nm laser power (unscanned) was about ten times the threshold for surface damage. Roughness of the as-deposited surface is observable on the wings of the profilometer trace. With five pulses at this -1 J/cm 2 , there is considerable islanding in the bottom of the scribe with significant probability for bridging of the scribe. If these islands are conducting, as we believe they may be, there would be shunting and likely a significant increase in interconnect series resistance.
Although for CdTe, the vaporization (damage) threshold is much lower than for the underlying SnO z film--leading to the possibility of a self limiting scribe as shown in Fig. 19 , such is not the case for the excimer lasers in CIGS on Mo. (Figs. lOd and 10e indicate that the Mo threshold is a little lower than the CIGS.) Reviewing the data of Figs. 10 and 11 , suggests that the best wavelength/pulse duration combination for CIGSlMo to achieve a self limiting scribe is the 1064 nm 1250 ns pulse from the cwp/ml-YAG laser running without the mode-locker. In other words, the longest pulse duration possible with the infrared wavelength. This result is at least partially consistent with the observations of Ref. 7 which reported some success with a continuous YAG laser at 1064 nm. 
The problem of ridges
Problems of ridge formation were pronounced with the use of the 250 ns pulse length YAG laser. We believe that these problems were aggravated with the long pulse duration and therefore long melt time and also from the need to achieve a very tight focus with this low energy-per-pulse laser to scan the range of pulse energies needed for Fig. 11 . Figures 22 and 23 show both the vaporization depth and ridge height as a function of pulse energy density for single shots on rf sputtered CdTe and CIGS, respectively. Similar effects are seen in CdTe and CIGS in which the ridges are consistently 1/4 to 1/3 of the depth of the vaporization spot. Note that these data are taken from profilometer traces of single-pulse vaporization spots. These figures show very clearly that for CIGS, the data for the infrared pulses and the green pulses are quite similar but for CdTe the threshold for the ir pulses is much higher and the amplitudes of both scribes and ridges are very strong functions of pulse energy density--not surprising since the room temperature absorption at 1064 nm in CdTe is very weak and non-linear absorption sets in at high power.
The data of Figs 22 and 23 were obtained with relatively low energy pulses, tightly focussed from the cwp/ml-YAG. Note that, for this configuration (wavelength, pulse duration and focus) it apparently would not help particularly to use lower pulse energies (and more pulses to penetrate the full film thickness) since the ridge height is roughly a constant fraction of the scribe depth. However, we have found that the formation of these ridges is dependent on the focal spot size of the laser. This was first observed in work with the Cu-vapor laser where we found that results with a soft focus produced no ridges (Fig. 16c ) whereas work with a tight focus produced significant ridges (Figs. 16a&b) . In the latest work with the dlp-YAG we tested the effect of the focus. Fig. 23 provides a series of profilometer traces across scribes obtained with the frequency-doubled beam. The focal distance of the 10 em spherical lens was adjusted from best focus (10 em) to 13.8 em and then to 15.7 em, The laser pulse energy was simultaneously increased to keep the energy density approximately constant (as is evidenced by the scribe depth). Note that for the soft focus, there are no ridges present, whereas with the tightest focus, the ridges are about 1/3 the scribe depth. The data for the tightest focus is consistent with the data shown in Fig. 22 which utilized a very small spot size (-25 urn), These results indicate that the problem of ridge formation along the scribe can be controlled. We suggest that another approach might be to use, in conjunction with cylindrical foucssing, a soft focus on the trailing edge of the line image. 
Transparent Conducting Oxides
The two TCO materials considered in the study had quite different scribing characteristics. The Sn0 2:F was relatively easy to scribe cleanly at all wavelengths even though the threshold was high in the visible and near-infrared, as expected from the low absorption coefficient. The scribe profile obtained with the Cu-vapor laser is shown in Fig. 24 . The very steep side walls are probably a consequence of the non-linear absorption for the green and yellow wavelengths of this laser in the essentially-transparent TCO.
Apparently there is enough residual absorption, possibly due to free carriers, to initiate the vaporization process with little chipping or cracking of the film at the edges of the scribe.
The situation is quite different for ZnO:Al. (See Fig. 25 .) In this case the visible and near-infrared pulses provide very unreliable scribing. It appears that a single pulse on a virgin spot of the film will not initiate vaporization except at very high power densities. However a second or subsequent pulse often will have a relatively low threshold for vaporization. Once absorption does start, almost always the entire film is blown away. The morphology suggests that absorption may initiate at the ZnO/glass interface creating a high pressure vapor bubble which then lifts off the film, often with substantial tearing of the surrounding film. For ZnO:AI the adhesion is lower than for Sn0 2 and the film tends to flake off as shown in Fig. 25 , for pulses from the copper-vapor laser. For a scribe obtained with the flp Nd: YAG, Fig. 26 shows that it does not help to use a shorter pulse duration of 8 nsec vs. the 55 ns for the Cu-vapor laser. There is slight marking of the underlying glass confirming that the onset of absorption may be occuring at the ZnO/glass interface.
By contrast, when the XeCI excimer laser is used for ZnO, the scribe boundaries are very smooth with no evidence of flaking. See Fig. 27 . This is consistent with the fact that the absorption is very strong at the 308 nm wavelength of the excimer. For 248 nm scribing with the KrF (Fig. 28) and an unscanned beam, the scribe profiles were also very clean. The data of Fig. 29 on the transmission through the Sn0 2:F and ZnO show that there is strong absorption for both the 308 and 248 nrn beams. Thus, we conclude that for scribing of SnO z as the first layer on glass, almost any laser wavelength and pulse duration will work satisfactorily, in spite of the fact that the material is quite transparent. However, ZnO appears to require uv wavelengths to obtain reliable scribing. Certainly, we have found that the two excimer lasers work well for a single layer of Zno on glass. Further discussion is provided below for the case of ZnO as a top contact layer on CIGS structures.
Although we have not addressed issues of scribing of Sn0 2 or of InSnO (ITO) when it is deposited on top of another thin film (e.g., the case of an ITO top contact on a-Si:H cells), we may anticipate that a laser with uv wavelength will be advantageous. This would point to the use of an excimer or possibly a frequency tripled or quadrupled YAG, although the tripled, 355 nm wavelength may not be strongly enough absorbed in the case of ITO.
Metals
Metals are very strongly absorbing (and reflecting) at all wavelengths near the visible so one would not expect any serious wavelength-dependent effects in laser scribing. In fact, we have found difficulties in scribing of Mo only with the copper laser under some conditions. We have also done some tests of scribing of gold contacting layers on CdTe with some of the lasers. Fig. 30a shows a "scribe" of a Mo film with the Cu-vapor laser. Clearly there was too much average heat load on the film which produced cracking and delamination. However, in a second study with this laser, we found that a tighter focus, and higher scanning speeds could produce acceptable scribes of Mo on glass. This scribe is shown in Fig. 30b . Comparison of the two scribes illustrates that the choice of focus condition and translation speed are important in obtaining a high quality scribe.
With the XeCI laser, a clean scribe is readily obtained for the same Moly film. This is shown in Fig. 31 .
The scribe morphology appears similar to that in ZnO as shown in Fig. 26 above. The similarity is presumably due to the fact that optical absorption is very high at 308 nm in both materials and the short pulse duration minimizes heat flow during the pulse.
Scribing of Mo with fundamental and frequency-doubled YAG lasers is also quite possible. One interesting feature of Mo vaporization appears in the spot profile of Fig. 32 . In this case there was no scanning of the film which received, in this area, only a single pulse. The 1.4 urn thick film vaporized in three distinct layers. These layers correspond to the fact that the Mo was deposited with some periodic rotation of the substrate in front of the sputtering gun. This film probably made four passes over the source. In this profile no separation appears between the second and third layer. Possibly there was some slight oxidation at the two interfaces within the Mo film which gave rise to "quantized" vaporization.
Figures 33 and 34 below illustrate the scribe profiles which may be obtained with 70 ns pulses at 1064 nm and with 70 ns pulses at 532 nm, respectively. 
Glass-side scribing
Back-side or glass-side scribing is possible for two of the thin-film PV systems studied, Mo/glass and CdTe/SnOiglass. In these cases, the energy efficiency can be much higher, especially for thicker films, with very little evidence of a heat-affected zone observable from the surface. Glass-side scribing may be an important option, and necessary, for thicker films. We have found that scribing of CdTe films of 10 to 20 urn from the film side is difficult because of the surface roughness due to faceting. We expect that this might also be a problem for films which have a porous surface structure such as obtained with screen printing or spray pyrolysis. These problems arise from the fact that laser scribing tends to remove a relatively uniform thickness for each pulse and if the surface roughness is a micron or more, it may be difficult to terminate the scribe at the TCO or glass interface. Furthermore, if high power densities are used to obtain high vaporization rates in film-side scribing, there is likely to be significant damage surrounding the scribe--in a wide heat-affected zone.
Glass-side scribing of thick CdTe films appears to have real advantages. Of course this cannot be done with a uv laser due to absorption in the glass. A comparison of the morphology of film-side vs. glass-side, 532 nm flp-YAG-Iaser scribes in 2 urn thick CdTe is shown in Fig. 35 . Fig. 35a shows the scribe obtained with the beam incident from the film side and Fig. 35b shows the result for the beam incident on the glass side. We find that it is possible, with appropriate power density (-1.5 J/cm 2 ) to obtain full removal of the CdTe and have little damage to the Sn0 2 film underneath.
A comparison of film-side and glass-side scribing of Mo is shown in Fig. 36. Parts a) and b) show the results obtained with spherical lens focusing of the cwp/ml-YAG. The profile of the film-side scribe shows evidence of debris ejected during scribing. We expect that this may be eliminated with appropriate gas flow across the film during scribing. The glass-side scribe shows ridges which may be due to some curling ofthe edges of the film. The profilometer trace is limited by the tip resolution in both of these traces since the beam focus was very tight for this laser. Fig. 36c shows the results for backside scribing using the flp-YAG. Here the scribe was wider as a result of using a cylindrical lens and a laser with higher beam divergence. It should be noted that our glass side scribing of Mo has so far Yielded poorer results in interconnected submodule tests, but it not yet clearly identified as related to the side of incidence.
1.0 
Interconnected submodules
The most challenging task for laser scribing, other than cutting rough films of 15 11m from the film side perhaps, is to achieve an isolation scribe through a metal layer on CdTe or a ZnO layer on CIGS. In order to test for possible problems which might not show up in profilometry traces or optical microscopy, we fabricated some small integrated submodules in both CIGS and sputtered CdTe materials. The CdTe structures were fabricated entirely at UT. In the case of the CIGS the fabrication procedure involved three depositions at ISET and three laser scribes at UT with a final return to ISET for testing--that is, a total of six long-distance exchanges. Therefore the scribe separation was kept fairly large. Results must be regarded as tentative, especially for the CIGS, because of the long-distance exchange of samples. Initial results on eIGS structures were encouraging, although somewhat inconsistent, probably related to the necessity for repeated cross-country exchange of samples. In order to test more directly for interconnect resistance, special structures were designed and fabricated to obtain current flow mainly through the low resistance Mo layer. (See lower sketch in Fig. 38 .) Two schemes were used for the CdTe structures as shown in both top and bottom sketches of Fig. 38 . The lower structure was designed to allow the current to flow mainly through the top Au metallization which has much lower sheet resistance than the 
Discussion
In this section we provide some discussion of the most important parameters involved in determining the energy density thresholds (for various wavelengths and pulse durations) and in understanding the factors which can be used to reduce the formation of ridge structures along the sides of scribe lines in the two semiconductor materials. The important materials parameters are the optical absorption length and the thermal diffusivity with some contribution possibly from the surface tension.
Thermal diffusion length
Consideration of thermal diffusion and optical absorption lengths in various materials will suggest how these ranges of pulse durations are important. Thermal diffusivity, D, is related to the thermal conductivity, K(J/cm-s), the specific heat capacity, C, (J/g-K), and the density, p(glcm 3 ) , by the following:
The thermal diffusion length is theñ Thus, during a 10 ns pulse the thermal diffusion distance is~-0.22 X 10-4 em = 0.22 um, Similarly, during a 100 ps (0.1 ns) pulse~= 0.022 urn and for a 300 ns pulse, the diffusion distance during the pulse is~= 1.2 um. Thus, for the longer Q-switched Nd: YAG pulses (-90ns or -300 ns) the laser-deposited thermal energy will diffuse substantially (0.66 urn or 1.2 um) into a 2-3 um thin film of CdTe. Room temperature diffusion coefficients for our thin film materials are given in Table 2 . TB and TM are the boiling and melting points respectively. For most of the thin film materials of interest for photovoltaics, the linear absorption coefficient is reasonably well known at the wavelengths of the lasers used in this work. In the cases of the transparent conducting oxides, the linear absorption is shown in Fig. 29 ; however, it is possible that non-linear absorption is important at the higher pulse energies. In this case, the effective absorption length is much more difficult to estimate. These data of Fig. 29 were measured on a double beam spectrometer (Varian model DMS 300). For films with considerable roughness, such as LOF SnO z and especially the ZnO, the energy absorbed is better measured with an integrating sphere. However, the present data will provide an upper limit to the absorption.
For example, the 532 nm pulse incident on CdTe is absorbed in a very shallow surface layer (d =lIcx = 0.13Jlm.) Therefore, for a single 100 ps pulse, the thermal energy will diffuse a negligible distance (Q = 0.022 urn) compared with the absorption length. Thus, the energy will be absorbed in a thickness determined entirely by the absorption length.
Nonlinear absorption effects also will be much different for the different laser pulse durations. A 250 ns pulse of energy 1 J/cm 2 will have a peak intensity (irradiance) of about 4 MW/cm 2 whereas the same duration pulse made up of a train of twenty-five 100 ps mode-locked spikes separated by 10 ns each will have a peak intensity of 400 MW/cm 2 ! Any process which is sensitive to peak intensity such as twophoton or three-photon absorption will be very much stronger when exposed to the train of mode-locked pulses. If the onset of surface damage were determined by the peak intensity at the surface (or the electric field amplitude) then the damage threshold for the modelocked pulse should be lower by a factor of 100. If, on the other hand, the onset of visible surface damage were determined by the point at which the absorbed energy is sufficient to bring the surface temperature somewhat above the melting point, then a single, 100 ps pulse should require an energy lower by roughly the ratio of the two thicknesses, 0.022 urn I 0.13Jlm = 0.17. Unfortunately, this cwp/ml-YAG laser does not provide a single picosecond pulse but a train of about 25 with amplitudes which vary smoothly through the Q-switched pulse. A comparison of the data of Fig. 11c and 11d , and well as the low thresholds shown in Table 1 provide some evidence of non-linear effects. Most of our observations, however, are best explained by a thermal diffusion/melting point model and linear absorption.
The formation of ridges along the sides of scribe lines can be explained by material flow during the melt phase which persists for some time after every pulse of the laser. This material flow can be understood from considerations of momentum recoil from the ablation plume which exerts a downward force which is largest at the center of the laser spot and decreases toward the edges. Ridge formation should also be assisted by surface tension effects and the dependence of surface tension on temperature. Surface tension decreases as temperature rises toward the boiling point. As a consequence the surface tension will be higher at the edges of the spot than at the center. The result of these two mechanisms is to pull the hot, liquified semiconductor toward the edges of the spot with the consequence that, following a scribing pass, there will be ridges surrounding the scribe line. However, these driving mechanisms imply that one may be able to control and greatly reduce the amplitude of the ridge formations by reducing the energy gradients along the laser pulse. Thus if a wider spot is used, the ridges should be reduced. Also it should be possible to shape the profile the focussed spot to reduce the ridges. Thus, for example, if the spot has significant coma with the tail trailing the high intensity head, one should expect a reduction of the ridge formation.
We have tested the effect of defocussing the laser pulse to produce a wider spot and the effects are consistent with this model. Figure 23 showed traces of scribes in CIGS made with the diode-pumped Nd:YAG system for three different focus conditions. Our interpretation is that the softer focus condition reduces the pressure gradient (recoil momentum gradient) and also reduces the surface curvature which thereby reduce the driving forces for ridge formation.
Conclusions
We have determined the threshold power densities for the onset of ablation from thin films of CdTe, CuInS~, SnOz:F, ZnO:AI, gold, and molybdenum for 12 different wavelength/pulse duration laser systems. Optimum energy density for most efficient removal of material during scribing is strongly dependent on the wavelength of the laser and to a smaller extent on the pulse duration. The optimum energy densities range from 0.5 J/cm z for the 532 nm, 8 nsec YAG pulse on CdTe to 0.2 J/cm z for the excimer laser at 308 nm on CIS. Poor scribing performance was seen with the 1064 nm beam on CdTe and all lasers except excimers on ZnO. Excellent scribe profiles were observed with the excimer lasers on all materials including ZnO.
The two uv (excimer) lasers have relatively low optimum efficiencies or material removal rates (-0.2 urn per Jzcrrr') as opposed to the longer duration (70 to 250 ns) pulses of the cwp-YAG and dlp-YAG lasers which give efficiencies of up to -3 urn per J/cm z.
We have found significant advantages to the use of cylindrical lens focussing for the higher pulse energy laser systems with the suggested possibility that the excimer lasers could be delivered, in principle, to a line image which covers the entire module width.
Threshold pulse energy data for the various thin films explain the observed ease of obtaining clean scribes in CdTe with self-limiting depths at the CdTe/SnO z interface. In the case of CIGSlMo the threshold data suggest self-limiting may be possible for long-pulse ('t'p~250 ns) YAG lasers at 1064 nm, although we have not tested this possibility.
